Intact G0 nuclei isolated from quiescent cells are not capable of DNA replication in interphase Xenopus egg extracts, which allow efficient replication of permeabilized G0 nuclei. Previous studies have shown multiple control mechanisms for maintaining the quiescent state, but DNA replication inhibition of intact G0 nuclei in the extracts remains poorly understood. Here, we showed that pre-RC is assembled on chromatin, but its activation is inhibited after incubating G0 nuclei isolated from quiescent NIH3T3 cells in the extracts. Concomitant with the inhibition of replication, Mcm4 phosphorylation mediated by Dbf4-dependent kinase (DDK) as well as chromatin binding of DDK is suppressed in G0 nuclei without affecting the nuclear transport of DDK. We further found that the nuclear extracts of G0 but not proliferating cells inhibit the binding of recombinant DDK to pre-RC assembled plasmids. In addition, we observed rapid activation of checkpoint kinases after incubating G0 nuclei in the egg extracts. However, specific inhibitors of ATR/ATM are unable to promote DNA replication in G0 nuclei in the egg extracts. We suggest that a novel inhibitory mechanism is functional to prevent the targeting of DDK to pre-RC in G0 nuclei, thereby suppressing DNA replication in Xenopus egg extracts.
| INTRODUCTION
In multicellular organisms, most cells are in the nonproliferative state, and some of these nonproliferating cells are in a quiescent state, called the G0 phase. Cells in the G0 phase are capable of re-entering the cell cycle under the right physiological and environmental conditions to resume proliferation. During the quiescent state, cellular activities required for DNA replication and cell proliferation, such as E2F-mediated transcription, are reduced (Morgan, 2007) . Once quiescent cells receive signals for reproduction, they resume protein synthesis for proliferation, and re-enter the cell cycle to begin the S-phase. Many aspects of quiescence have been examined; however, the precise mechanism underlying entry into and exit from the G0 phase is not fully understood.
Eukaryotic DNA replication is regulated in a stepwise manner (Miller & Costa, 2017) . The first step is the licensing of replication origins before the onset of the Sphase, more precisely from the late M to early G1 phase. Origin DNA is initially recognized by the origin recognition complex (ORC) and ORC binding provides a platform for the assembly of the prereplicative complex (pre-RC), which is established by binding of the core replicative helicase complex, Mcm2-7 (MCM) around the double-stranded origin DNA, depending on ORC, Cdc6 and Cdt1. Pre-RC consists of double-hexameric MCM (Evrin et al., 2009; Gambus, Khoudoli, Jones, & Blow, 2011; Remus et al., 2009) , which represents the inactive state of the helicase that stably associates with origins throughout the G1 phase. In the second step, upon entering the S-phase, the Dbf4/ Drf1-dependent kinase (DDK) and cyclin-dependent kinase (CDK) phosphorylate and activate replication factors to transform pre-RC into the active helicase Cdc45-MCM-GINS (CMG) complex to commence DNA replication (Tanaka & Araki, 2013) .
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CDK and DDK are essential for initiating DNA replication. CDK phosphorylates multiple targets, including MCM, but exact roles of CDK-mediated MCM phosphorylation remain unclear (Montagnoli et al., 2006) . The main target of DDK for DNA replication is MCM, and DDK recruitment to chromatin is dependent on pre-RC formation (Francis, Randell, Takara, Uchima, & Bell, 2009; Jares & Blow, 2000; Takahashi & Walter, 2005) . The precise interaction between pre-RC and DDK has been investigated in the budding yeast, Saccharomyces cerevisiae. DDK directly binds and phosphorylates MCM in pre-RC, in particular, Mcm2, Mcm4 and Mcm6 (Ramer et al., 2013) . Mcm2 phosphorylation appears to be conserved from yeast to human and is required for normal cell growth and DNA replication in budding yeast (Lei et al., 1997; Montagnoli et al., 2006) . Mcm6 phosphorylation may also be important for normal cell growth in fission yeast (Masai et al., 2006) . Mcm4 phosphorylation may alleviate autoinhibition by the N-terminal inhibitory domain (Sheu & Stillman, 2010) . This modification appears to be essential for the recruitment of Cdc45 to MCM in budding yeast (Zou & Stillman, 2000) , and for the assembly of the CMG complex in higher eukaryotes (Masai et al., 2006) .
When cells exit the cell cycle and enter the G0, pre-RC in the early G1 phase is disassembled from chromatin, except for ORC, and MCM is degraded (Kingsbury et al., 2005; Stoeber et al., 2001 ). In addition, levels of antiproliferative proteins are increased in the G0 phase. In particular, CDK inhibitors, such as p27 and p57, are up-regulated (Matsumoto et al., 2011; Oki et al., 2014; Polyak et al., 1994; Zou et al., 2011) , thereby ensuring the maintenance of the nonproliferative state. Notably, eukaryotes express multiple CDK inhibitor proteins, whereas there are no reports of endogenous DDK inhibitors.
Xenopus egg extracts contain abundant factors that can promote DNA replication of sperm chromatin as well as in isolated nuclei from somatic cells. Nuclei of the G1 cells can initiate DNA replication when incubated in Xenopus egg extracts. In contrast, intact nuclei isolated from G0 cells fail to replicate their DNA in the egg extracts unless the permeability of the nuclear envelope is increased (Leno & Munshi, 1994) . These results suggest that G0 nuclei are not simply deficient in replication proteins but retain some inhibitory mechanisms against DNA replication. A previous study suggested that the pre-RC is not assembled on chromatin of intact G0 nuclei during incubation in egg extracts based on the observation that Xenopus Cdc6, a pre-RC assembled factor, was transported into nuclei, but did not bind to chromatin (Madine et al., 2000) . However, a precise inhibitory mechanism is yet to be identified.
In this study, we investigated the mechanisms suppressing DNA replication in G0 nuclei incubated in Xenopus egg extracts and identified a new mechanism underlying the suppression of DNA replication in G0 nuclei. When G0 nuclei were incubated in Xenopus egg extracts, pre-RC assembled on G0 chromatin, but DDK-dependent Mcm4 phosphorylation and the amount of chromatin-bound DDK were reduced. We also found that the nuclear extract of G0, but not of asynchronously proliferating cells, inhibited the binding of recombinant DDK to pre-RC assembled plasmids. These results suggest that G0 nuclei retain a novel mechanism to prevent DNA replication by inhibiting the targeting of DDK to pre-RC.
| RESULTS

| Geminin-sensitive chromatin binding of MCM in G0 nuclei
To investigate the mechanisms inhibiting DNA replication in G0 nuclei, proliferating NIH3T3 fibroblasts were arrested by maintaining them for 2 days after confluence and an additional day under serum starvation (2% FBS; Figure S1A ). FACS (fluorescence-activated cell sorting) analysis indicated that the arrested cells accumulated in the G1/G0 phase ( Figure  S1B ). Furthermore, EdU (5-ethynyl-2′-deoxyuridine) was not incorporated into approximately 90% of the arrested cell nuclei even after 18 hr of incubation, whereas it was incorporated into most proliferating cell nuclei ( Figure S1D ). In addition, immunostaining with anti-Mcm2 antibody confirmed that MCM was diminished in G0 cell nuclei, whereas Orc2 was maintained at levels similar to those in proliferating cell nuclei ( Figure S1C ,D), in accordance with previously published reports (Kingsbury et al., 2005; Stoeber et al., 2001 ). These results suggested that most cells were arrested in the G0 phase under the present experimental conditions. We next examined the DNA replication activity of nuclei isolated from arrested cells (G0 nuclei) and incubated in interphase Xenopus egg extracts. Consistent with previous reports, the relative amount of dATP incorporated into G0 nuclei was <10% of that in nuclei prepared from asynchronously proliferating cells (Asyn nuclei; Figure 1b ). This result indicates that G0 nuclei are indeed incapable of DNA replication in Xenopus egg extracts. Consistent with the inhibition of replication activity, chromatin binding levels of Xenopus Cdc45 and Sld5, components of CMG helicase, were diminished in the chromatin fraction of G0 nuclei incubated in egg extracts (Figure 1a) . In contrast to previous reports (Sun et al., 2000) , however, we found similar amounts of Xenopus Mcm2 bound to the chromatin fractions of G0 and Asyn nuclei (Figure 1a , compare lanes 2 and 5). Addition of geminin, a well-known inhibitor of Cdt1, to the extracts decreased Mcm2 binding to chromatin, whereas the binding of Xenopus Orc2 was unaffected. In accordance with decreased Mcm2 binding, the chromatin binding levels of both Cdc45 and Sld5 were diminished in the Asyn nuclei, indicating the pre-RC-dependent formation of the Xenopus CMG complex after incubation in the extracts. The amounts of Mcm2 and Orc2 bound to the chromatin were clearly similar between G0 and Asyn nuclei, and most of Mcm2 binding was inhibited by the addition of geminin to the extracts (Figure 1c ). In addition, we found similar chromatin binding of Mcm4 ( Figure 2a ) and high salt-resistant binding of Mcm2 in both G0 and Asyn nuclei (Figure 1d ). These observations suggest that the stable double-hexameric MCM is formed on chromatin of G0 nuclei as well as on chromatin of Asyn nuclei. These results strongly suggest that the binding of Mcm2 to G0 chromatin represents pre-RC assembly, whereas the formation of CMG is suppressed in G0 nuclei.
| Inhibition of DDK activity in G0 nuclei
Both S-phase-promoting kinases, DDK and CDK, which are required for the assembly of the CMG complex on chromatin, phosphorylate Mcm4, which is a subunit showing a clear phosphorylation-dependent mobility shift on SDS-PAGE analysis. We therefore examined the phosphorylation status of chromatin-bound Mcm4 after incubating G0 and Asyn nuclei in Xenopus egg extracts. The mobility of Mcm4 on Asyn chromatin was greatly decreased compared with that on G0 chromatin (Figure 2a , compare lanes 5 and 10), indicating Mcm4 hyperphosphorylation in Asyn nuclei. The mobility shift of Mcm4 was strongly suppressed by the addition of a DDK inhibitor to the extract, whereas a CDK inhibitor only slightly inhibited the mobility shift (Figure 2a , compare lanes 2-5). The mobility of Mcm4 on G0 chromatin was barely affected by CDK and DDK inhibitors, suggesting that most Mcm4 is hypophosphorylated on G0 chromatin. These results indicate that Mcm4 phosphorylation contributing to the mobility shift observed in Asyn nuclei is predominantly dependent on DDK activity and that DDK activity is suppressed in G0 nuclei.
Because DDK recruitment to chromatin is dependent on pre-RC assembly, we next examined the chromatin binding of DDK. After incubating Asyn nuclei in extracts, we detected the binding of DDK subunits, Drf1 and Cdc7, together with Mcm2, Cdc45 and Sld5 to the chromatin fraction, consistent with the replication activity of these nuclei. The addition of geminin to the extract suppressed the binding of Mcm2, Cdc45 and Sld5, indicating the inhibition of pre-RC formation and its activation (Figure 2b , compare lane 1 and 2). The chromatin binding of DDK was also significantly reduced in the presence of geminin (Figure 2b,c) . The inhibition of Sphase-promoting kinases, CDK and DDK, reduced the binding of Cdc45 and Sld5 but not Mcm2 and barely affected DDK binding (Figure 2b , compare lanes 1, 3 and 4). These results therefore suggest that most DDK binding observed in Asyn nuclei is due to the formation of pre-RC on chromatin rather than CDK or DDK activity in the nuclei. Compared with Asyn nuclei, we detected greatly diminished DDK binding in F I G U R E 1 Failure of DNA replication in G0 nuclei incubated in interphase extracts of Xenopus eggs. (a) Xenopus replication proteins bound to NIH3T3 cell chromatin after incubating NIH3T3 nuclei with egg extracts. Intact nuclei prepared from proliferating (Asyn) and quiescent (G0) NIH3T3 cells were incubated in egg extracts for 60 min at 23°C. After incubation, chromatin fractions were isolated and analyzed by immunoblotting with antibodies against the various Xenopus proteins indicated in the figure. Histone H3 was detected as the loading control for each sample. Geminin (470 nM) was added to the extracts to prevent pre-RC formation. Extracts without nuclei (-nuclei) and nuclei incubated in buffer (-extract) were also analyzed as controls. Asterisk indicates nonspecifically detected proteins. (b) Replication activity of isolated nuclei incubated in egg extracts. Nuclei were incubated in egg extracts containing [α-32 P] dATP for 120 min, and the amount of 32 P incorporated into nuclear DNA was measured. The replication activity of G0 nuclei is expressed relative to that of Asyn nuclei (in %). Mean ± SD is shown for four independent experiments. (c) Quantification of chromatinbound Mcm2 and Orc2. The amount of protein bound to chromatin was estimated by the intensity of each protein band detected as in (a) minus the intensity detected without nuclei (-nuclei) and normalized against histone H3 band intensity. Amounts are expressed relative to those in Asyn nuclei. Mean ± SD is shown for three independent experiments. G0 nuclei ( Figure 2b , lanes 1 and 6), although Mcm2 binding levels were similar in both nuclei (see also Figure 1c ). These results indicate that DDK preferentially binds to pre-RC assembled on chromatin in Asyn nuclei; however, its binding is suppressed in G0 nuclei although a similar amount of MCM is loaded onto chromatin.
| G0 nuclei retain functional nuclear transport activity in Xenopus egg extract
Nuclear transport is a prerequisite for chromatin binding of Xenopus proteins in isolated nuclei. Therefore, one simple mechanism to suppress chromatin binding of DDK into G0 nuclei is the inhibition of nuclear transport. To test this possibility, we first examined the nuclear transport of various proteins into isolated nuclei from the extract. As a positive control, we used GST-EGFP fused with NLS of zygotic Xenopus Mcm3 (EGFP-NLS), which shows active nuclear transport activity (Shinya et al., 2014) . To distinguish binding of proteins to the nuclear envelope from transport into the nucleoplasm, we compared the protein retained by nuclei after incubation at 23°C in extracts with those incubated at 0°C. As expected, EGFP-NLS preferentially accumulated in nuclei incubated at 23°C but not at 0°C. Various Xenopus replication proteins such as Mcm2, Cdc45, Sld5 and Psf2 accumulated in both G0 and Asyn nuclei at 23°C (Figure 3a ). In accordance with efficient nuclear transport of replication proteins, we found that DDK accumulated in G0 nuclei as efficiently as did in Asyn nuclei (Figure 3b,c) . Notably, the mobility of Drf1 on SDS-PAGE was decreased in both G0 and Asyn nuclei compared with that in the extract ( Figure 3b ). As DDK inhibitor increased the mobility of Drf1 on chromatin ( Figure 2b , lane 3), this mobility shift presumably reflects the autophosphorylation of Drf1 by the active catalytic subunit, Cdc7. Thus, this result suggests that DDK is active after transport into G0 nuclei (Figure 3b , compare lanes 1 and 4). Therefore, decreased chromatin binding of DDK in G0 nuclei is not due to reduced nuclear transport but rather due to reduced DDK loading onto chromatin.
| G0 nuclear extract inhibits the loading of DDK onto pre-RC assembled plasmid
We demonstrated that in the nuclei of proliferating cell, chromatin binding of DDK requires the assembly of pre-RC on chromatin. However, DDK is not loaded onto the chromatin of G0 nuclei, even though DDK is efficiently transported and similar amounts of Mcm2 are stably bound to chromatin.
F I G U R E 2 Suppression of DDK activity in G0 nuclei. (a)
Phosphorylation of Xenopus Mcm4 bound to nuclear chromatin. Nuclei (Asyn and G0) were incubated in egg extract with/without DDK inhibitor (DDKi, 20 μM PHA-767491) and/or CDK inhibitor (CDKi, 170 nM GST-p21 and 100 μM roscovitine) for 60 min at 23°C. Mcm4 and Cdc45 bound to chromatin were analyzed by immunoblotting. Geminin (470 nM) was added to prevent pre-RC formation. Actin protein bands stained by Ponceau S were used as loading control. (b) Detection of Xenopus proteins bound to G0 and Asyn chromatin. Nuclei (Asyn and G0) were incubated in egg extracts with/without geminin (+geminin), DDK inhibitor (+DDKi) or CDK inhibitor (+CDKi) for 60 min at 23°C, and chromatin-bound Xenopus proteins were detected by immunoblotting. Nuclei incubated in buffer without egg extract were also analyzed (-extracts). Asterisk indicates nonspecifically detected proteins. (c) Quantification of DDK subunits bound to chromatin. Drf1 or Cdc7 bound to chromatin was quantified from (b) and normalized against histone H3 in each fraction. The amount of each protein bound to chromatin in G0 nuclei is expressed relative to that bound in Asyn nuclei in the absence of geminin. Mean ± SD is shown for four independent experiments. *p < .04 
One possible explanation for the failure of DDK binding is that MCM bound to G0 chromatin is not the bona fide pre-RC. To directly examine this possibility, we prepared pre-RC assembled plasmids for a DDK binding assay. To assemble pre-RC, plasmids bound to magnetic beads were incubated in membrane-free egg extract (high-speed supernatant, HSS), which supported the assembly of pre-RC on plasmids but not the binding of DDK onto pre-RC (Figure 4b, lanes 1 and 2) . The isolated plasmids were then transferred to nuclear extracts of NIH3T3 cells. After incubation in nuclear extracts, we then added recombinant Xenopus Drf1-Cdc7 (rDDK) to examine DDK binding to plasmid (Figure 4a ). We found that rDDK preferentially bound to pre-RC assembled plasmid in the nuclear extract of proliferating cells (Aex), and the amount of rDDK on the plasmid substantially decreased by the addition of geminin, which inhibits the assembly of pre-RC (Figure 4b compare lanes 4 and 5) . If G0 nuclear extract (Gex) was used instead of Aex, DDK binding was greatly decreased to a level similar to that observed without pre-RC assembly (i.e., plasmids prepared in the presence of geminin; Figure 4b , lanes 6 and 7). Quantification of Cdc7 binding to chromatin also showed that DDK binding was suppressed in G0 nuclear extracts (Figure 4c ). These results show that DDK loading onto pre-RC assembled plasmids is specifically prevented by G0 nuclear extracts.
| Checkpoint kinases are activated after incubating G0 nuclei in Xenopus egg extracts
To explore signaling pathways specific to G0 nuclei, we investigated the activation of DNA damage responses, which may be involved in the inhibition of DDK activity. In proliferating cell nuclei, we did not detect appreciable activation of checkpoint kinases after incubation in Xenopus egg extracts, as indicated by Chk1 and H2AX phosphorylation. However, in G0 nuclei incubated in egg extracts, we found robust H2AX phosphorylation at serine 139, known as a double-strand break (DSB) marker (gamma-H2AX), and Chk1 phosphorylation at serine 344 (Figure 5a ). These activities were suppressed by adding caffeine, an ATR/ATM inhibitor, to the extract or by lowering the incubation temperature to 0°C (Figure 5a lane 6, 7 and see also Figure 5b lane 13) . Notably, no gamma-H2AX was detected when G0 nuclei were incubated in buffer (Figure 5b lane 14, extract) , indicating that the checkpoint kinases were activated only after incubating G0 nuclei with egg extracts. Intriguingly, H2AX was rapidly phosphorylated within 2 min after incubation and reached a near maximal level (Figure 5b ), suggesting that DNA had been damaged before the start of incubation, possibly during cell cycle arrest.
As checkpoint kinases were activated in G0 nuclei incubated in egg extracts, we screened for responsible upstream kinases using specific inhibitors of ATR (VE-821) and ATM (KU55933). Both inhibitors suppressed the H2AX phosphorylation, and consistent with previous reports, the ATM inhibitor suppressed H2AX phosphorylation more efficiently than the ATR inhibitor (Figure 5c ). The phosphorylation F I G U R E 3 Nuclear transport activity of isolated nuclei in egg extract. (a) Nuclear transport of proteins in egg extracts. Nuclei (Asyn and G0) were incubated in egg extracts for 60 min at 23°C, and transported proteins were analyzed by immunoblotting. EGFP conjugated to NLS was included in the extracts as a positive control. Nuclear samples incubated at 0°C and nuclei not incubated in extracts were used as negative control of the nuclear transport. Histone H3 was detected as the loading controls. Asterisk indicates nonspecifically detected proteins. (b) Transport of DDK into nuclei. Nuclear transport under conditions as in (a). DDK subunits (Drf1 and Cdc7) in the isolated nuclei were detected by immunoblotting. (c) Quantification of DDK subunits transported into nuclei. The amounts of Drf1 and Cdc7 in nuclei were quantified. The amounts transported into G0 nuclei are expressed relative to those transported into Asyn nuclei (%). Mean ± SD is shown for four independent experiments Genes to Cells
level in the presence of both inhibitors was similar to that in proliferating cell nuclei (Figure 5c , compare Asyn and G0). Next, we examined whether the activation of checkpoint kinases is involved in the inhibition of DNA replication in G0 nuclei. Both specific inhibitors failed to induce DNA replication in G0 nuclei incubated in egg extracts (Figure 5d ). To further study the possible involvement of checkpoint kinase in G0-associated inhibition of DNA replication, we prepared two types of intact nuclei from arrested cells: 1-day contact inhibition (C1) and 3-day contact inhibition (C3) (Figure 6a ). In C1 nuclei, the level of H2AX phosphorylation was low and equivalent to that in Asyn nuclei (Figure 6c, compare lanes 1 and 3) . Although the phosphorylation level of H2AX differed in C1 and C3 nuclei, both showed similar replication suppression in egg extract, which was 20% of that in control proliferating cell nuclei (Figure 6b ). In accordance with this replication suppression, both the CMG complex assembly and DDK loading on chromatin were suppressed in C1 and C3 nuclei (Figure 6c ). These results therefore suggest that DNA damage observed after the incubation of G0 nuclei with Xenopus egg extracts is not a major cause of DNA replication inhibition in G0 nuclei.
| DISCUSSION
Proliferating cells exit the cell cycle under conditions inappropriate for growth and enter a quiescent state, G0. The G0 phase of metazoan cells is not the prolonged G1 phase, because licensing factors, except for ORC, are dissociated from chromatin and degraded in G0 nuclei (Kingsbury et al., 2005; Stoeber et al., 2001) . Previous studies have reported that intact G0 nuclei fail to initiate DNA replication after incubation in interphase Xenopus egg extracts (Leno & Munshi, 1994; Madine et al., 2000; Sun et al., 2000) unless the nuclear membrane is permeabilized before incubation. It has been suggested that this failure is due to the suppression of pre-RC assembly in intact G0 nuclei. Here, we reinvestigated DNA replication inhibition in G0 nuclei incubated in Xenopus egg extracts and found that the level of Xenopus MCM chromatin binding in G0 nuclei was similar to that observed in proliferating cell nuclei. As the chromatin binding of MCM is both inhibited by geminin and is high salt-resistant (Figure 1) , pre-RC is apparently still assembled on the chromatin of G0 nuclei even though DNA replication is suppressed. The exact reason for the contradiction with previous reports is not known, but we confirmed that the assembly of the CMG complex on chromatin after pre-RC formation is suppressed in G0 nuclei incubated in interphase Xenopus egg extracts.
By examining Mcm4 phosphorylation in the chromatinbound fraction, we found that the phosphorylation by DDK was suppressed in G0 nuclei (Figure 2a ). In accordance with previous reports, we confirmed that the chromatin binding of DDK observed in Asyn nuclei is largely dependent on pre-RC formation (Jares & Blow, 2000) . Surprisingly, however, DDK binding was diminished in G0 nuclei despite Biotinylated plasmids coupled to streptavidin-coated magnetic beads were incubated in membrane-free egg extract (HSS) for 30 min at 23°C to assemble pre-RC. Plasmids were then isolated and transferred to extracts prepared from Asyn nuclei (Aex) or G0 nuclei (Gex). Geminin was included during the incubation as a negative control without pre-RC assembly. After incubation for 15 min, 80 nM recombinant DDK (rDDK) was added, and plasmids were further incubated for 15 min at 23°C before isolation. (b) Binding of recombinant DDK to pre-RC assembled plasmids. Plasmid beads without incubation in nuclear extract (lanes 1 and 2) and those with incubation (lanes 3-7) were isolated and bound proteins were eluted and detected by immunoblotting. Magnetic beads without plasmids (lane 3) were used to assess nonspecific binding of recombinant proteins to the beads, and input of recombinant DDK (10% of total, lane 8) was also analyzed. (c) Quantification of recombinant Cdc7 bound to plasmids. The amount of Cdc7 bound to plasmids was quantified by subtracting the nonspecific binding of recombinant DDK to the bare magnetic beads. Results are expressed relative to those observed with pre-RC assembled plasmids incubated in Asyn nuclear extracts. Mean ± SD is shown for three independent experiments. *p < .004 the apparent assembly of pre-RC on chromatin. As similar amounts of DDK were transported into G0 and Asyn nuclei, the suppression of DDK binding specifically in G0 nuclei suggests that the G0 nucleoplasm exhibits inhibitory activity against DDK binding. Indeed, the G0 nuclear extracts inhibited the binding of recombinant DDK to pre-RC assembled plasmids, whereas the Asyn nuclear extract promoted pre-RC-dependent binding (Figure 4b ). These results therefore suggest that G0 nuclear extract contains inhibitory factor(s) acting on pre-RC to inhibit DDK binding.
Previous studies have reported several proteins involved in inhibition of DNA replication via binding to MCM. RB and its related protein p130 bind to Mcm7, and the addition of excess amounts of these proteins inhibits DNA replication activity in egg extracts (Pacek & Walter, 2004; Sterner, DewKnight, Musahl, Kornbluth, & Horowitz, 1998) . As RB and p130 accumulate in the nucleus of G0-phase cells (Smith, Leone, DeGregori, Jakoi, & Nevins, 1996) , these proteins are possible candidates as inhibitory factors. However, the following observations contradict with the inhibitory roles of RB and p130 in DDK binding to pre-RC. First, RB and presumably p130 bind to the C-terminal of Mcm7, which is located far from the N-terminal DDK-interacting domain of Mcm2/4. More importantly, RB has been shown to inhibit pre-RC formation when added before incubation with sperm chromatin and inhibits helicase activity after the activation of pre-RC (Pacek & Walter, 2004) .
The other potential inhibitor is a subunit of hypoxiainducible factor 1 (HIF-1), Hif1-α. A previous study reported that Hif1-α inhibits DNA replication of proliferating cells by binding to Cdc6, but enhances chromatin binding of Mcm proteins. The precise mechanism underlying Hif1-α inhibition is not known, but the authors suggested that Hif1-α inhibits chromatin binding of DDK and subsequent Mcm2 phosphorylation through the stabilization of Cdc6 on chromatin. As Hif1-α is up-regulated by contact inhibition, it may accumulate in G0 nuclei as well (Hubbi et al., 2013) and thus contribute to the inhibition of DDK binding. However, we found that G0 nuclear extracts inhibit DDK binding to pre-RC assembled plasmid, which retains no detectable Cdc6 after MCM loading, making the inhibitory role of Hif1-α somewhat unlikely under the present experimental conditions. Although previous reports strongly support the view that the binding of certain proteins to pre-RC prevents DDK F I G U R E 5 Activation of the DNA damage checkpoint after incubating nuclei with egg extracts. (a) Checkpoint activation in nuclei incubated in egg extracts. Nuclei (Asyn and G0) were incubated in egg extracts for 60 min at 23°C. Nuclear fractions were isolated, and total Chk1, Chk1 phosphorylated at S344 and H2AX phosphorylated at S139 were detected. Histone H3 was the loading control for each sample. Incubations in the presence of 5 mM caffeine (lanes 2 and 6) and on ice (lanes 3 and 7) served as negative controls for checkpoint activation. Asterisk indicates nonspecifically detected proteins. (b) Time course of H2AX phosphorylation in nuclei incubated in egg extracts. Nuclei were incubated in egg extracts at 23°C, and the nuclear fraction was collected at the indicated times for detecting H2AX phosphorylation at S139. 
binding, at present, we have no data supporting the presence of such factors. It is also possible that some post-translational modification of pre-RC are involved in the inhibition. Recent reports have suggested that SUMOylation of Mcm proteins is involved in the inhibition of MCM helicase (Wei & Zhao, 2016) .
When proliferating cells enter quiescence, they stop producing replication proteins and degrade them in some case. Suppression of replication proteins is important for maintaining the quiescent state. In addition, the activity of CDK is down-regulated to ensure the arrest of cell proliferation. Previous studies focusing on the control of CDK for entry into quiescence have shown that endogenous CDK inhibitors (CKIs) are critical for maintaining low CDK activity during the quiescent state. In addition, CKIs are major degradation targets in cells re-entering the cell cycle (Nourse et al., 1994; Reynisdottir, Polyak, Iavarone, & Massague, 1995; Susaki, Nakayama, & Nakayama, 2007) . A recent study has further suggested a crucial role of CDK in the control of G1 duration (Spencer et al., 2013) . In the present study, we found that quiescent cells express additional mechanisms for preventing DNA replication, apart from down-regulating replication proteins or CDK activity. The inhibition of DDK targeting found in the present study could play an important role when G0 cells enter the cell cycle under inappropriate conditions. It should also be emphasized that the present findings show a novel mechanism for inhibiting DDK activity through the control of loading onto chromatin. In addition to DDK inhibition, we found that the checkpoint kinases are robustly activated in G0 nuclei after incubation in Xenopus egg extracts. Such activation of checkpoint kinases does not appear to be involved in the inhibition of DNA replication, but may represent a defense mechanism against uncontrolled proliferation. Indeed, H2AX phosphorylation is observed in apoptotic cells (Cook et al., 2009) . A previous finding that deregulated expression of Cdt1 in G0 cells leads to ATM activation without initiating DNA replication (Tatsumi et al., 2006) also suggests that ectopic expression of replication factors causes checkpoint activation in quiescent cells. Further study of replication suppression in G0 nuclei in egg extracts may show additional novel mechanisms underlying the maintenance of quiescent state to prevent untimely entry into the cell cycle.
| EXPERIMENTAL PROCEDURES
| Preparation of Xenopus egg extracts
Interphase egg extracts were prepared as described previously (Kubota & Takisawa, 1993) . Briefly, activated eggs were crushed by centrifugation at 18,800 g for 10 min, and the supernatant between the lipid cap and pellet was collected, mixed with cytochalasin B (Sigma, 10 μg/ml final concentration) and recentrifuged at 100,000 g for 10 min. The resulting supernatant containing both cytosolic and membrane fractions was collected. The egg extracts were supplemented with 40 μg/ml cycloheximide, 15 mM creatine phosphate, 150 μg/ ml creatine phosphokinase and 4% glycerol and then frozen and stored in liquid nitrogen. To prepare membrane-free egg extract (high-speed supernatant, HSS), the stored egg extract DNA replication activity of nuclei in egg extracts. Intact nuclei were isolated from proliferating (Asyn) and contact-inhibited cells (C1 and C3), and replication activity was measured as described in Figure 1b . (c) Detection of replication factors bound to chromatin of nuclei incubated in egg extracts. The isolated nuclei defined in (a) were incubated in egg extracts for 60 min at 23°C, and the chromatin fraction was isolated for detecting the indicated proteins was thawed and centrifuged twice at 265,000 g for 10 min, and the cytosolic fraction was collected.
| Cell culture
NIH3T3 fibroblasts were maintained in Dulbecco's modified Eagle's medium (D-MEM, Wako) containing 10% (v/v) serum (fetal bovine serum, Cell Culture Biosystem) and 1% streptomycin and penicillin (Gibco) on 90-mm dishes at 37°C and a 5% CO 2 atmosphere. To prepare G0-arrested cells, fibroblasts were cultivated up to confluence and maintained for 3 additional days, and then serum concentration in the media was reduced to 2% (v/v) 18 hr before collecting the cells for the isolation of nuclei.
| Isolation of intact nuclei
Cells were deplated from 90-mm dishes by incubation with 500 μl of trypsin/EDTA at 37°C for 5 min and collected in 10 volumes of D-MEM containing 10% serum. Isolated cells were washed with ice-chilled D-PBS twice. After pelleting by centrifugation at 1,000 g for 5 min, D-PBS was removed and the cells were resuspended in ice-cold transport buffer (5 mM sodium acetate, 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM DTT, 0.1% protease inhibitor cocktail, 20 mM Hepes-KOH, pH7.3) to achieve a final concentration of 1.0 × 10 6 cells/ml. To remove cell membranes, an equal volume of ice-chilled transport buffer containing 60 μg/ml digitonin (Nacalai Tesque) was added and the suspension was incubated on ice for 5 min. The reaction was stopped by adding an equal volume of transport buffer containing 3% BSA. Nuclei were collected by centrifugation at 1,000 g for 10 min and washed thrice with ice-chilled transport buffer. The concentration of nuclei was adjusted to 2.0 × 10 7 /ml in transport buffer containing 1% DMSO (Nacalai Tesque) on ice. In total, 20 μl aliquots of the nuclear suspension were frozen at −20°C overnight and stored at −80°C.
| Measurement of [α-
P] dATP incorporation
Isolated nuclei were incubated in Xenopus egg extracts (3,500 nuclei/μl) supplemented with [α-32 P] dATP (PerkinElmer) at 23°C. At the indicated time, an aliquot of the sample was mixed with four volumes of stop buffer (5 mM EDTA, 200 mM NaCl, 0.5% SDS, 2 mg/ml proteinase K, 20 mM Tris-HCl at pH8.0) and incubated at 37°C for 3 hr. The samples were then spotted on DE81 papers (Whatman) and dried. The dried papers were washed thrice with 500 mM phosphate buffer (pH6.8), twice with distilled water and then with ethanol. Radioactivity incorporated into DNA was measured using a liquid scintillation counter.
| Isolation of chromatin fraction
To isolate chromatin fractions, isolated nuclei were incubated in egg extracts (3,500 nuclei/μl extract) supplemented with 20 μg/ml of aphidicolin (Wako) at 23°C for indicated time. The samples were then diluted with 10 volumes of EB containing 200 mM NaCl and 0.25% (v/v) Nonidet-P40 substitute (Wako) and centrifuged at 8,700 g through a 10% sucrose layer for 5 min at 4°C. After removal of the sucrose cushion, the pellet was suspended in SDS-PAGE sample buffer.
| Isolation of nuclear fraction from the egg extracts
Incubated nuclei in egg extracts at 23°C were diluted with 10 volumes of EB and then centrifuged at 10,000 g through a 30% sucrose layer for 5 min at 4°C. The upper layer was removed, and EB containing 30% (w/v) sucrose was loaded onto the sucrose layer, followed by centrifugation at 10,000 g for 5 min at 4°C. After removal of the sucrose cushion, the pellet was suspended in SDS-PAGE sample buffer.
| Isolation of plasmid DNA from egg extracts
Plasmid DNA was prepared and attached to superparamagnetic beads as described previously (Sanuki et al., 2015; Waga & Zembutsu, 2006) . To assemble pre-RC on plasmid DNA, 100 ng of template DNA was suspended in 100 μl of ice-cold EB supplemented with 0.25% NP40. The plasmidcoupled beads were separated with a magnet and then washed twice with 150 μl of ice-cold EB containing 0.25% NP40. After removal of the solution, the beads were incubated in 10 μl of HSS for 30 min at 23°C. After incubation, the beads were washed thrice with 150 μl of ice-chilled EB containing 0.25% NP40 and 1.5 mM ATP. For Western blot analysis, the beads were resuspended in SDS-PAGE sample buffer.
| Preparation of nuclear extracts from
NIH3T3 fibroblasts
Isolated nuclei prepared from NIH3T3 fibroblasts were thawed and incubated in the same volume of EB containing 10% (w/v) sucrose on ice for 15 min. Following this, the nuclei were placed on ice and disrupted with a sonicator (U50 control: IKA Labortechnik; duty cycle : 0.8; amplitude: 30) eight times for 5 s. The mixture was centrifuged at 15,000 g for 20 min, and the supernatant was recovered as the nuclear extracts. Total protein concentration of the extract was measured by the Bradford assay using BSA as the standard. The solution was frozen at −30°C for overnight and then stored at −80°C.
| Expression and purification of recombinant proteins
Plasmids expressing Drf1-Cdc7 and Dbf4-Cdc7 were gifted by Dr Tatsuro S. Takahashi (Kyushu University). The expression of recombinant proteins was induced in transformed E. coli cells (BL21 codon plus) by the addition of 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 20°C for 12 hr. After harvesting, the cells were lysed with 0.1 mg/ml lysozyme in 50 mM phosphate buffer (pH8.0) supplemented with 1% protease inhibitor cocktail. The cells were then disrupted with a sonicator (BRANSON SONIFIER 250) in phosphate buffer containing 500 mM NaCl and 1% Triton-X 100. The cell lysate was obtained by centrifugation at 30,000 g at 4°C for 30 min, and the recombinants were bound to NTA-Ni-Beads (IBA) at 4°C for 3 hr. Beads were washed with Buffer W (500 mM NaCl, 5 mM 3-mercapto-1,2-propanediol, 0.1% Triton-X 100, 0.1% protease inhibitor cocktail, 50 mM NaPi, pH8.0), and proteins were eluted with Buffer W supplemented with 150 mM imidazole. The solution was further mixed with anti-Strep beads (Nacalai Tesque) at 4°C for 3 hr, The beads were washed five times with buffer PS (250 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 7.5), and proteins were eluted with buffer PS containing 2.5 mM desthiobiotin. GST-EGFP fused to NLS of zygotic Xenopus Mcm3 (655-692 aa) was expressed and purified as described previously (Shinya et al., 2014) .
